This paper presents the design and development of a unified computer automated system for characterizing the shape of fine and coarse aggregates. It describes the unique features of the system and the experimental design considerations. These considerations are related to the required image resolution, field of view, and lighting scheme. The unique features of the system include the ability of analyzing fine and coarse aggregate, quantifying texture, angularity and the three-dimensions of form.
INTRODUCTION
The current Superpave TM system describes aggregate shape using three tests. The first test is fine aggregate angularity, which is inferred from the volume of air voids in a loosely compacted aggregate sample (Method A of AASHTO Standard T304) (1) . The second test is coarse aggregate angularity, which is inferred from the number of aggregate fractured faces (ASTM Standard D5821) (2). The third test deals with the relative dimensions of coarse aggregates to identify flat-elongated particles (ASTM D4791) (3). The Superpave tests for measuring coarse aggregate shape properties are laborious, and limited in their ability to test a representative sample of aggregates.
Furthermore, the current flat-elongated procedure (ASTM D4791) yields a single index reflecting the proportion of aggregates that exceeds a predetermined average dimension ratio. This is far less descriptive than a probabilistic method for summarizing the results, such as the distribution of relative particle dimensions.
Recent experience with the current Superpave criterion for fine aggregate angularity shows that there are cases where the test does not discern poor quality from high quality aggregates (4, 5). Texture measurements are not emphasized in the current methods for characterizing aggregate shape (6). The limitations of the current aggregate shape tests have caused inconsistency in predicting the extent to which the measured properties influence pavement performance. Developing methods that are able to distinguish among the aggregate characteristics and not a combination of their interaction is crucial in order to link each of these characteristics to pavement performance.
Recently, there have been a number of advances in digital vision, along with the availability of software for motion control of system's components. These advances provide the means for the development of automated methods for aggregate shape analysis based on measurements made directly from the individual aggregate.
There have been several investigations on the use of imaging technology to quantify the aggregate shape properties and relate them to mix performance. Some studies have been focused on developing procedures to describe the shape properties of aggregates with emphasis on form, angularity, and texture. A comprehensive review of these procedures can be found in reference 7. In addition, there are several systems available commercially and at research institutions for directly measuring aggregate characteristics. These systems use different concepts such as image analysis techniques, laser scanning, and physical measurements of aggregate dimensions (8, 9, 10). Most of these systems focus on the form of coarse aggregates, with little attention to the angularity and texture of aggregates and especially fine aggregates.
OBJECTIVES OF THE STUDY
The objectives of this study are to:
(1) Develop a unified computer-automated system for measuring the fine and coarse aggregate shape properties, hence referred to as the "Aggregate Imaging System" (AIMS). The system includes an automated mechanism for image acquisition, and software for the analysis of form, angularity and texture.
(2) Correlate aggregate shape properties with asphalt mix laboratory performance.
DESCRIPTION OF THE AGGREGATE IMAGING SYSTEM (AIMS)
The system, referred to as AIMS, is designed to be versatile enough to capture images at different resolutions, field of view, and using different lighting schemes in
order to be able to analyze the form, angularity, and texture of fine and coarse aggregates. The auto focus utilizes high spatial frequency for a signal of a video microscope connected to the camera.
The video microscope has a 16:1 zoom ratio, which allows capturing a wide range of particle sizes without changing parts. A black and white video camera with an external control is used. The camera is connected to a magnification lens. The camera and video microscope are attached to dovetail slide with a motion range of 300 mm in the z-axis in order to allow capturing images of a wide range of aggregate sizes. All motions are connected to a multi-axis external controller that offers both manual and automatic control of motions, as well as enhanced black level and contrast controls. The system operates based on two modules. The first module is for the analysis of fine aggregates (smaller than 4.75mm), while the second is devoted for the analysis of coarse aggregates.
Fine Aggregate Module
Recent studies have shown that although angularity and texture of fine aggregate are fundamentally different properties, there is reasonable correlation between these two properties that allow measuring only one of them. Also, it is easier to capture black and white images for angularity analysis rather than gray high-resolution images required for texture analysis (11, 12). Therefore, it was decided in this study to analyze the fine aggregate angularity only.
The images required for measuring fine aggregate angularity are captured at a resolution such that the pixel size is less than 1% of the average aggregate diameter, and the field of view covers 6-10 aggregate particles (13) . Backlighting under the aggregate tray is used to capture images for angularity analysis. This type of lighting creates a sharp contrast between the particle and the tray, thus giving a distinct outline of the particle.
The shape analysis of fine aggregate starts by randomly placing an aggregate sample on the aggregate tray with the backlighting turned on. The camera and video microscope assembly moves incrementally in the x direction at a specified interval capturing images at every increment. Once the x-axis range is complete, the aggregate tray moves in the y-direction for a specified distance, and the x-axis motion is repeated.
This process continues until the whole area is scanned. In each x-y scan, the z-location of the camera and the microscope magnification are specified in order to meet the resolution criteria mentioned earlier.
Aggregates that are not within the size for which the scan is conducted are removed from the images. This is a very important step in order to analyze all aggregates according to the image resolution criterion specified earlier (a pixel size is less than 1% of average particle diameter).
Coarse Aggregate Module
The coarse aggregate module is developed to quantify form (three-dimensional), angularity, and texture. The analysis starts by placing aggregates on a transparent sheet with marked grid points. Two scans are conducted for the analysis of coarse aggregate.
In the first scan, backlighting is used, and the image resolution is determined such that the pixel size is less than 1.0% of the aggregate average diameter. In this scan, black and white images are captured. These images are analyzed to determine angularity, and the major (longest axis) and minor (shortest axis) axes on two-dimensional images.
The second scan captures gray images of aggregate surface for texture analysis and measures the average thickness of aggregates. The second scan starts by focusing the video microscope on a marked point on the lighting table. The location of the camera on the z-axis at this point is taken to be zero. Then the camera moves to the location where an aggregate is placed. The video microscope automatically moves up on the z-axis in order to focus on aggregate surface. Since, the video microscope has a fixed focal length, the difference between the z-axis coordinate at this location and the zero point is the depth of the aggregate length. This thickness, along with the major and minor axes measurements captured in the first scan, is used to quantify the three dimensional properties of aggregate form. It is noted that this procedure allows capturing the threedimensions of aggregates using only one camera, thus reducing the cost and complexity of the system. The gray image is used to analyze texture as discussed in the following section. A user-friendly software is developed to control image acquisition, resolution, and motion. Detailed information about this software is available in reference (12).
IMAGE ANALYSIS METHODS OF AGGREGATE SHAPE
The captured images are analyzed using a user-friendly stand-alone software developed as part of this study (14, 15) . Aggregate texture is analyzed using the Wavelet method (Energy Signature), angularity is analyzed using the gradient method and radius method (Angularity Index), and three-dimensional form is analyzed using the Sphericity and Shape factors (6, 11, 16) . This software reads all the images stored in a certain directory and provides a text file of the angularity, texture, and form measurements, which can then be imported into a spreadsheet.
Texture Analysis
Texture in an image is represented by the local variation in the pixel gray intensity values. Although there is no single scale that represents texture, most texture analysis schemes analyze texture only at a single scale (17, 18) . In this study, Wavelet theory is used for multi-scale analysis of textural variation on aggregate images (19) . The wavelet transform works by mapping an image onto a low-resolution image and a series of detail
images. An illustration of the method is presented here with the aid of Owing to this multi-resolution nature of the decomposition, the energy signature, or equivalently, the texture content has a physical meaning at each level. Energy signatures at higher levels reflect the "coarser" texture content of the sample, while those at lower levels reflect the "finer" texture content. The multi-scale decomposition of texture is advantageous in order to determine the texture scale or a combination of them that has the best correlation with HMA performance.
Angularity Analysis
The black and white images are analyzed using the gradient method and radius method (Angularity Index) (14) . The idea behind the gradient method is simple, yet intuitive. At sharp corners on the outline of an image, the direction of the gradient vector for adjacent points on the outline changes rapidly. Whereas the direction of the gradient vector for rounded particles changes slowly for adjacent points on the outline. Figure 4 illustrates the method of assigning angularity values to a corner point on the outline of the particle. Gradient values for all the corners are calculated and their sum accumulated around the outline, concluding to the angularity gradient for the aggregate particle.
Masad et al. (11) developed the radius method for the analysis of aggregate angularity on black and white images. This method measures the difference between the particle radius in a certain direction and that of an equivalent ellipse:
where AI stands for the angularity index, R θ is the radius of the particle at an angle of θ, R EEθ is the radius of the equivalent ellipse at an angle of θ (11). The equivalent ellipse has the same major and minor axes as the particle, but has no angularity.
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Form Analysis
Information about the three dimensions of a particle; longest dimension (d L ), intermediate dimension (d I ) , and shortest dimension (d s ) is essential for proper characterization of the aggregate form. As mentioned earlier, the thickness is measured using the auto focus microscope and gray images. The major and minor axes on black and white images of aggregate projections are determined using eigen vector analysis of aggregate boundary (14) . There have been several indices proposed for measuring form based on these three dimensions such as Sphericity and Shape Factor:
The above two equations are used in this study to calculate aggregate form based on the three-dimensional analysis of aggregates.
ANALYSIS AND RESULTS

Fine Aggregates
The fine aggregates analyzed in this study had a wide range of compositions and sizes. Most of these aggregates were used previously in laboratory experiments to determine the influence of aggregate shape on HMA performance. Table 1 shows these aggregates along with their main composition, and performance data.
The first group of aggregates consists of aggregate samples used in an experiment conducted by the Joint Transportation Research Program (JTRP) at Purdue University (21) . Asphalt mixtures were designed using the same crushed gravel coarse aggregate.
All gradations had a 9.5mm nominal maximum aggregate size. The Purdue University wheel-tracking device (PURWheel) was used to evaluate the rutting resistance. Failure was defined as the number of wheel passes to produce a rut depth of 6.45mm. It is noted that two fine aggregate samples that were examined in the JTRP study are not included here. One of these aggregates was used in an HMA that had distinctly different gradation from the other mixes, while the other one had very high void in mineral aggregate (VMA) compared with the rest of the mixes. These two factors have been shown by the JTRP study to overshadow the effect of aggregate shape on performance (21).
The second group consists of six fine aggregates that were used in an experiment conducted at Texas Transportation Institute (TTI) to relate fine aggregate properties to the rutting potential of asphalt mixes measured using the asphalt pavement analyzer (APA) (22) . All mixes were designed to conform to the Superpave mix design criteria.
Crushed limestone coarse aggregates of same gradations were used in all mixtures. The APA monitors the rut depth as a function of the load cycles. The final rut depth was taken after 8000 load cycles.
The angularity analysis of fine aggregate was done using the radius and gradient methods explained earlier. The analysis yields the angularity value for each particle in the sample. For example, Figure 5 shows the angularity distribution of natural rounded sand and crushed sand. The average and standard deviation values for fine aggregate angularity using the gradient and angularity methods are shown in Table 2 . These statistics are calculated from about 50 particles from each sample.
The correlation between the results of the angularity analysis of fine aggregates FA-1 to FA-7 with HMA rutting resistance under wet conditions from the JTRP study is shown in Figure 6 . There is a good correlation between gradient method and the performance data for these aggregates when FA-3 is excluded. Also, a good correlation exists between the radius method and the performance data. Statistical analysis of angularity distribution within the aggregate samples rather than using average values would offer more information on the relationship between angularity and performance.
The second study conducted by TTI used fine aggregates FA-8 through FA-13.
The correlation of the performance data to the angularity results can be seen in Figure 7 .
The correlation between the gradient method and performance is marginal. On the other hand, the correlation between the radius method and the performance is reasonable.
It should be noted that the correlations were done with and without FA-9.
According to the mix performance data, mixes with FA-9 behaved similar to those with natural sand, FA-13. However, by comparing the angularity values in Table 2 , it can be seen that FA-9 has much higher texture and angularity than FA-13. The distribution of angularity in these two aggregates adds more information on their differences. FA-9 had a small percentage of particles (about 25%) that had an extremely high angularity, while the rest of particles had low angularity. However, FA-13 exhibited a more uniform distribution of angularity values in comparison to FA-9. Further analysis is needed to investigate the influence of angularity distribution on performance.
Coarse Aggregates
Nine coarse aggregates were obtained from a study conducted at the National Center for Asphalt Technology (NCAT) (23). These aggregates were used in asphalt mixes with the same gradation, and natural rounded sand. The mix properties and the performance data for these aggregates can be found in Table 3 . The gradation was below the Superpave restricted zone to maximize the amount and effect of the coarse aggregate.
The Superpave volumetric mix design was used to determine the optimum asphalt content for all mixes. The resistance of these mixes to permanent deformation was measured using the Georgia Wheel Tracking Device (GWTD) (23).
As mentioned earlier, the Wavelet analysis yields different levels of energy signatures that correspond to different levels of gray scale variations. The energy signature analysis was done here using level six following the recommendations of natural rounded gravel and blast furnace slag can be found in Figure 8 . Table 4 shows the mean and standard deviation of the texture measurements using AIMS.
Approximately twenty-five aggregate particles were used to determine these statistics for each sample. Figure 9 shows that there is a good correlation between the texture measurements and the permanent deformation performance. Figure 9 also shows that the correlation dropped with the inclusion of CA-6. As reported by Kandhal and Parker (23), the mix that included CA-6 had low asphalt content and VMA, which shadowed the influence of the aggregate texture.
The angularity analysis was done on black and white images. The mean and standard deviations for the gradient and radius methods for these aggregates can be found in Table 4 . There was poor correlation between the gradient and radius methods and performance as can be seen in Figure 10 . There was a slight increase in the correlation when CA-6 was excluded.
A sample of coarse aggregates was selected and the dimensions of particles were measured using a digital caliper. Then, the Sphericity and Shape Factors were calculated based on the manual and AIMS measurements. Figure 11 shows good correlations between the manual and AIMS measurements of Sphericity and Shape factor. AIMS tends to slightly underestimates the shape factor compared with the manual measurements.
SUMMARY AND CONCLUSIONS
This study presents the design and development of a unified computer automated system (AIMS) for characterizing aggregate shape. Several experimental considerations formed the unique features of the system including the selection of the lenses, image resolution, field of view, and lighting scheme depending on the aggregate size, and the shape characteristic under consideration (form, angularity, and texture).
AIMS has the ability to analyze the shape of fine and coarse aggregates. It measures the three-dimensions of form through the use of a single camera and autofocus microscope. Aggregate texture is quantified by analyzing gray scale images, and angularity is quantified by analyzing black and white images. A program was developed for controlling the motion of the system in the x, y, and z directions, auto focusing, and image acquisition. In addition, user-friendly software was developed to analyze aggregate images.
The capabilities of AIMS were demonstrated by measuring the shape of thirteen fine aggregate samples and nine coarse aggregate samples. All these aggregates were used in asphalt mixes with known laboratory performance. The angularity analysis of fine aggregates using the radius method had a reasonable correlation with the mix performance data. However, the results show clearly that using only an average TRB 2003 Annual Meeting CD-ROM Paper revised from original submittal.
angularity value might not be sufficient to capture performance. More statistical analysis is needed to determine the influence of angularity distribution on performance.
There was a strong correlation between the coarse aggregate texture and the performance of asphalt mixes. The coarse aggregate angularity, however, had poor correlation with the performance of asphalt mixes. The three-dimensional analysis of form using AIMS had excellent correlation with manual measurements using a digital caliper. 
